Paclitaxel (PTX) and other microtubule inhibitors cause mitotic arrest. However, low concentrations of PTX (low PTX) paradoxically cause G1 arrest (without mitotic arrest). Here, we demonstrated that unexpectedly, low PTX did not cause G1 arrest in the first cell cycle and did not prevent cells from passing through S phase and entering mitosis. Mitosis was prolonged but cells still divided, producing either two or three cells (tripolar mitosis), thus explaining a sub G1 peak caused by low PTX. Importantly, sub G1 cells were viable and nonapoptotic. Some cells fused back and then progressed to mitosis, frequently producing three cells again before becoming arrested in the next cell-cycle interphase. Thus, low PTX caused postmitotic arrest in second and even the third cell cycles. By increasing concentration of PTX, tripolar mitosis was transformed to mitotic slippage, thus eliminating a sub G1 peak. Time-lapse microscopy revealed that prolonged mitosis ensured a p53-dependent postmitotic arrest. We conclude that PTX directly affects cells only in mitosis and the duration of mitosis determines cell fate, including p53-dependent G1-like arrest.
Introduction
Microtubule inhibitors such as paclitaxel (PTX) are effective anticancer drugs (Rowinsky and Donehower, 1995; Blagosklonny and Fojo, 1999; Abal et al., 2003) . By inhibiting dynamics of mitotic microtubules, PTX causes mitotic arrest (Horwitz, 1992; Jordan et al., 1996; Jordan and Wilson, 2004) . Then cells may either die during mitotic arrest or exit mitosis without cell division (mitotic slippage), forming multinucleated tetraploid (4C DNA content) cells (Rieder and Maiato, 2004; Blagosklonny, 2007) . Hence, multinucleation and tetraploidy are hallmarks of mitotic slippage. By flow cytometry, both mitotic and postmitotic tetraploid cells are seen in the same 4C DNA peak. Although traditionally a 4C DNA peak is called 'G2/M arrest', PTX does not cause G2 arrest. In fact, the G2/M peak consists of both mitotic cells (mitotic arrest) and tetraploid cells, which escape mitotic arrest without division (Andreassen et al., 2001; Giannakakou et al., 2001; Blagosklonny et al., 2004) . The exact nature of this G1-like state is not clear. Recently, it was shown that after mitotic slippage, cells enter a unique intermediate (G1 or G2) 4C stage (Mantel et al., 2008) .
Unlike standard concentrations of PTX, low concentrations of PTX (low PTX) cause G1 arrest with 2C DNA content (Giannakakou et al., 2001) . Such arrested cells are not multinucleated, with a single nucleus stained for p53 and p21 (Giannakakou et al., 2001) . It was previously assumed that PTX causes G1 arrest by affecting cells directly in G1. For example, doxorubicin (DOX; DNA-damaging drug) and low PTX both induced p53 and p21 with almost identical images by immunochemistry (Giannakakou et al., 2001) . Mechanisms of G1 arrest by DOX and low PTX seemed to be identical. It was believed that both drugs directly induce p53 in G1, thus arresting cells before they enter S phase. Yet, some unpublished observations were difficult to reconcile with this model. For example, it was expected that by arresting cells in G1, pretreatment with low PTX would prevent cells from entering mitosis. Therefore, in low PTX-pretreated cells, standard (60-100 ng/ml) concentrations of PTX would not cause mitotic arrest. However, this prediction was not fulfilled.
A mechanism of G1 arrest caused by PTX remained mysterious. How can possibly low PTX cause G1 arrest, whereas PTX at standard concentrations cannot? How can low PTX cause sub G1 (apoptotic peak) in A549 cells, even though A549 cells are generally resistant to apoptosis? What is the paradoxical potency of low concentrations of PTX?
Here, we investigated these puzzles and found that, like standard PTX, low PTX affected cells in mitosis only. Then cells underwent abnormal division, often generating three cells, manifested as 'G1 with sub G1'.
Results
Pretreatment with low PTX does not affect standard PTX treatment As shown in Figure 1 , at standard concentrations (25-100 nM), PTX caused arrest with a 4C DNA peak, consistent with the accumulation of tetraploid (mitotic and postmitotic) cells. In contrast, in the presence of low concentrations of PTX (3 nM), cells predominantly had a 2C DNA content, although many cells had either less or more DNA that could be interpreted as sub G1 and S phases. Noticeably, DNA content distribution was very peculiar: the G1 peak was widened with sub G1 (less than 2C DNA) and super G1 (more than 2C DNA) cells. At 6 nM PTX, a number of diploid cells decreased and a number of both hyper-and hypo-diploid cells increased. Finally, at concentrations above 12 nM, a classic G2/M peak emerged. Thus, low concentrations of PTX apparently caused G1 arrest with sub G1 peak, whereas standard concentrations caused mitotic arrest. Therefore, we expected that pretreatment with 3 nM PTX (by causing G1 arrest, see Figure 1 ) would prevent mitotic arrest caused by 100-nM PTX. Surprisingly, pretreatment with 3-nM PTX did not prevent the effect of 100-nM PTX (Figure 1, labeled as 3 þ 100). Thus, on one hand, 3-nM PTX caused G1 arrest, but on the other hand, such arrested cells could be 'rearrested' in mitosis by 100-nM PTX. To explain this paradox, we suggest that low PTX causes G1 arrest not in the first cell cycle but in the subsequent cell cycles, thus not preventing cells to undergo first mitosis.
Before G1-like arrest, cells passed S phase To address this question directly, cells were treated with PTX in the presence of bromodeoxyuridine (BrdU), which is incorporated into DNA during S phase. In control (no PTX), almost all cells were labeled by BrdU during 24 h, consistent with the duration of the cell cycle around 20 h. Thus, in control, most cells synthesized DNA during a 24 h period (Figure 2 ). Most cells were found in G1, because G1 phase is much longer than G2 phase. As BrdU cannot label cells in G1, the presence of 2C DNA-labeled cells indicates that these cells were labeled in S phase and then underwent mitosis, despite the presence of PTX to produce 2C DNA cells.
In comparison, DOX arrested cells in G1 and G2 (Figure 2) . Importantly, all cells arrested in G1 by DOX were BrdU negative. This means that DOX-treated cells never exited G1 and never entered S phase. So, all G1 cells were immediately arrested where they were (in G1). The G2 peak consisted of both labeled and unlabeled cells (Figure 2 , DOX). This means that in addition to primary arrest in G2 (unlabeled cells), S-phase cells entered G2 phase, where they were arrested. We concluded that when cells were arrested in G1 directly, all G1 cells were unlabeled (Figure 2 ). This was not the case with PTX. Although 3-nM PTX also caused G1 arrest, all cells were labeled (Figure 2 ). This means that cells were not arrested in G1 directly. In the presence of PTX 3, G1 cells went through S phase and then divided to generate 2C DNA cells. There was a widened G1 peak, consistent with unequal divisions during mitosis in the presence of low concentrations of PTX. The G1 peak was further broadened at 6-nM PTX. Finally, 100-nM PTX arrested all cells in G2/M and cells were labeled during S phase. Thus, cells went through S phase and entered mitosis but were unable to divide, thus generating a 4C DNA peak. Next, we directly evaluated the ability of cells to divide in the presence of PTX by timelapse video microscopy.
Low PTX causes prolonged and tripolar mitosis At 3-nM PTX, cells entered mitosis and then divided. No cell death was observed. Interestingly, at least 20-30% cells were divided into three cells instead of two cells (Figure 3a ). (Note: as some of cells rapidly fused back, it was sometimes difficult to distinguish tripolar mitosis and mitotic slippage. Mitotic slippage could mask transient tripolar mitosis, precluding an exact calculation of the frequency of tripolar mitoses). Importantly, tripolar mitosis was never observed in control (PTX ¼ 0), indicating that it does not occur spontaneously in A549 cells. Tripolar mitosis could explain a sub G1 peak, because cells must have on average 1.33 C DNA content instead of 2 C DNA content. Remarkably, cells were able to enter a second mitosis (Figure 3b ). Yet, there was no significant increase in the number of cells as mitosis was non-productive followed by fusion, thus keeping the cell number unchanged. A typical example is shown in Figure 3b . First cell division produced three cells, which subsequently fused together. The resultant large cell entered G1 arrest by paclitaxel ZN Demidenko et al second mitosis after 18 h, which is consistent with a normal duration of the interphase of the cell cycle. Noteworthy, at the second mitosis, cells increased their size compared with the first mitosis, which is consistent with cell growth without cell division. Following prolonged mitosis (2 h), three cells were generated, which finally did not attempt to undergo an additional mitosis. Sub G1 cells are not apoptotic Thus, tripolar and unequal cell divisions can explain the appearance of a sub G1 peak. Time-lapse microscopy revealed that such cells were viable. To formally exclude apoptosis as a source of sub G1 cells, we incubated cells with PTX and then performed a terminal nucleotidyl transferase-mediated nick-end labeling (TUNEL) assay versus DNA content flow cytometry. As shown in Figure 4 , cells treated with either low PTX (Figure 4b ) or standard PTX ( Figure 4c ) were TUNEL negative. This is consistent with apoptosis-reluctant phenotype of A549 cells and confirms that the sub G1 peak is not a marker of apoptosis in A549. As a positive control for apoptosis, A549 cells were treated with a combination of flavopiridol and tumor necrosis factor-a (Figure 4d ), because this combination causes apoptosis in otherwise apoptosis-reluctant A549 cells ).
Duration of mitotic arrest
Next, we addressed the question whether the duration of mitotic arrest ensures postmitotic arrest after tripolar mitosis. It has been proposed that the duration of mitotic arrest may determine postmitotic (G1) arrest (Blagosklonny, 2006) . Using time-lapse video microscopy, we have determined the duration of mitotic arrest at different concentrations of PTX. Normal mitosis in A549 cells lasted 13.8±3 min (from cell rounding to flattening of two daughter cells) (Figure 5a ). In the presence of standard concentrations of PTX (60-100 nM), A549 cells were arrested in mitosis for 16.4 ± 4.5 h (almost 1 day). Then, cells exited mitosis without cell division (mitotic slippage) and reattached as tetraploid, multinucleated cells. Such cells did not enter next mitosis, indicating a permanent arrest following prolonged mitotic arrest. At 3-nM PTX, mitotic time was 40.8±19.4 min (approximately threefold longer than normal mitosis). Yet, mitotic time was very variable in individual cells, varying from 10 min to 2 h (Figure 5a, PTX 3) . Also, the outcome ranged from normal mitosis to tripolar mitosis and mitotic slippage. Tripolar mitosis was usually followed by cell fusion, so it was a functional equivalent of mitotic slippage. In the case of short mitosis, cells divided seemingly normally, producing two cells ( PTX, closed triangles). Following prolonged mitosis, cells did not attempt the second mitosis. When tetraploid cells were originated after relatively brief mitotic arrest (Figure 3b ), non-divided cells could enter the next mitosis, thus indicating that tetraploidy by itself did not cause postmitotic G1 arrest. If cells entered second mitosis, it was longer than first mitosis. For example, as shown in Figure 3b , first mitosis lasted 30 min, whereas the second mitosis was 2 h. The second mitosis was the last one, and the third mitosis was not observed. We conclude that duration of mitosis, rather than its outcome (tetraploidy, aneuploidy, sub G1 DNA content) was correlated with postmitotic arrest. At 6-nM PTX, the duration of mitotic arrests was increased further (251±115 min), causing tripolar divisions and mitotic slippages. At 6-nM PTX, the second mitosis was rare. Similarly, at 12-nM PTX, the average mitotic time was 324±89 min and cells did not undergo the second mitosis.
Long-term cell fate
Next, we determined long-term cell fate following mitotic arrest. A total of 2000 cells were plated in 100-mm plates, treated with PTX and macroscopic colonies were counted by day 10. In control, most cells produced macroscopic colonies (Figure 5b) . No colonies were observed at both low (3-to 6-nM PTX) and high concentrations of PTX (Figure 5b ). Even if PTX was washed out, there were no colonies, indicating that PTX permanently inhibited colony formation. Interestingly, microscopy revealed two-cell and three-cell microcolonies in the presence of low PTX. This is consistent with one cell division, which produced two or three cells. These cells were arrested in the interphase and neither proliferated nor died. Therefore, at low PTX, cells divided once but then become arrested. Although some cells fused back, a certain increase in cell numbers was expected. In fact, as shown in Figure 5c , the cell number increased 1.5-fold during the first 2 days in the presence of 3-nM PTX. Then, cell numbers remained unchanged. This is also consistent with the notion that cells may undergo one cell division before become permanently arrested.
Postmitotic arrest is p53 dependent
In parental A549 cells, p53 was induced by PTX. As demonstrated previously (Giannakakou et al., 2000 (Giannakakou et al., , 2002 , at concentrations higher than 25-nM PTX, there was no induction of p21, despite the induction of p53. In agreement, the exposure to 100-nM PTX induced p53 
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but not p21 in A549 cells (Figure 6a ). How can we explain an isolated induction of p53 (Figure 6a) ? In fact, 100-nM PTX caused prolonged mitotic arrest (16 h) before mitotic slippage. Transcription is inhibited during mitotic arrest (Prescott, 1964; Martinez-Balbas et al., 1995; Gottesfeld and Forbes, 1997) . When transcription is inhibited, p53 stabilized and accumulates Demidenko and Blagosklonny, 2004; Broude et al., 2007) . As transcription is inhibited, the accumulated p53 cannot induce p21 during mitotic arrest. Only when cells exit mitosis and transcription resumes, then p53 induces p21 (Blagosklonny, 2006) . Therefore, cells arrested in mitosis show p53 without p21. Cells transiently arrested show both p53 and p21 by 16-h treatment. At low concentrations of PTX (3-6 nM), cells exit mitosis after 0.5-4 h (Figure 4a ). Therefore, induction of p21 is evident in such cells at 16 h time point (Figure 6a ).
In theory, accumulation of p53 during mitotic arrest may cause postmitotic arrest (Blagosklonny, 2006) . Then, it might be expected that cells lacking p53 would not be arrested in G1 even after prolonged mitotic arrest. Here, we compared A549 and A549-E6 (E6-expressing A549 cells with undetectable p53). As shown in Figure 6a , PTX did not induce p53 and p21 in E6-expressing cells. Like parental cells, E6-expressing cells accumulated in mitosis following treatment with 100-nM PTX, as evident in G2/M (4 C DNA) peak (Giannakakou et al., 2000 and data not shown). Following mitotic slippage, E6-cells underwent a second mitosis in the presence of PTX (Figure 6b) , yielding giant cells. These cells often die after the second mitotic slippage (Figure 6b , the last photo).
Tripolar mitosis in other cell lines Next, we extended these observations to other cell lines. It was previously shown that PTX induces p53 in MCF-7 cells . Here, we showed that low concentrations of PTX induced a sub G1 and G1 DNA content in MCF-7. At standard concentrations of PTX, there was neither sub G1 nor G1 peaks (Figure 7a ). Importantly, those sub G1 cells were TUNEL negative, indicating that cells were not apoptotic. In agreement, PTX blocked cell proliferation, without cytotoxicity (Figure 7) . Time-lapse microscopy demonstrated that in the presence of low PTX, cells underwent prolonged mitotic arrest, which was often followed by tripolar or tetrapolar mitosis (Figure 7c ). This explains a widening of a 2C peak and the appearance of sub G1 cells.
Finally, we took the advantage of two-paired cell lines: parental HCT116 cells and HCT116-p53À/À clone lacking p53. Low PTX caused similar changes in both cell lines: prolonged and/or tripolar mitosis (Figure 8 ). After divisions, cells often fused back (Figure 8 ). This indicates that, while mediating postmitotic cell cycle arrest, p53 does not influence mitotic events per se.
Discussion
Here, we investigated a mechanism of G1 arrest caused by low concentrations of PTX (low PTX). Using BrdU labeling and time-lapse video microscopy, we demonstrated that low-PTX did not prevent cells from entering S phase and mitosis. Once cells entered mitosis, they underwent mitotic arrest. The duration of mitotic arrest (or duration of mitosis) determined whether cells get arrested in a postmitotic G1-like phase or instead undergo an additional round of cell cycle and then an additional mitosis. At low concentrations of PTX, some cells may undergo seemingly normal mitosis, generating two cells. Still, these cells may have unequal DNA content (hypodiploid and hyperdiploid cells), causing The cell then enters a second mitosis, and then undergoes mitotic slippage again, followed by apoptosis. PTX, paclitaxel.
G1 arrest by paclitaxel ZN Demidenko et al the appearance of sub G1 cells and a widening of the G1 peak (Figure 1 ). Tripolar mitosis also caused a sub G1 DNA content. Thus, a transient mitotic arrest can culminate in tripolar mitosis, generating three cells. Such cells usually fused back. If mitotic arrest was shorter than 1-2 h, some cells were able to enter the second mitosis, before being arrested in the third cell cycle. We conclude that neither hypoploidy nor tetraploidy per se caused postmitotic arrest. If mitotic time was prolonged up to 4 h, then cells were arrested in G1. How can the duration of mitosis determine postmitotic arrest? It has been shown that p53 is accumulated, when inhibition of transcription lasts for at least 2 h Demidenko and Blagosklonny, 2004 ). This time is needed to deplete shortlived proteins such as Mdm-2, which targets p53 for degradation. During mitotic arrest, transcription is absent (Prescott, 1964; Martinez-Balbas et al., 1995; Gottesfeld and Forbes, 1997) . When transcription is blocked, it must take at least 2 h for p53 to accumulate in A549 (the time could be longer in other cell lines). Once a cell divides, daughter cells get arrested by p53 in G1. Or if a cell exits mitosis without division, the undivided cell itself gets arrested by p53 in G1. Postmitotic arrest was p53-dependent, because it was not observed in A549-E6 cells. Even at high concentrations of PTX, after a 12-h mitotic arrest, E6-expressing cells did not induce p53 and entered second mitosis. We conclude that induction of p53 during prolonged mitosis was required for postmitotic arrest.
In A549 cells treated with low PTX, a sub G1 peak was not apoptotic. Using time-lapse video microscopy, we demonstrated that hypoploidy resulted from cell division that originated three cells. These cells with a sub G1 DNA content were fully viable. Furthermore, they can undergo second mitosis and may survive without further proliferation at least for 10 days, albeit they do not proliferate and do not form colonies. It should not be surprising that hypodiploid cells are viable. Cancer cells do not need to be diploid: even haploid cell lines are absolutely viable (Kessous et al., 1980; Stark et al., 2001) . Furthermore, most genes, which are necessary for the development of diverse human organs, are dispensable for somatic cells in culture.
When cells undergo mitotic slippage in the presence of microtubule inhibitors, they become tetraploid and multinucleated and become arrested in a p53-dependent manner (Cross et al., 1995; Di Leonardo et al., 1997; Fukasawa and Vande Woude, 1997; Khan and Wahl, 1998; Lanni and Jacks, 1998 ). Yet, tetraploidy by itself does not induce G1 arrest (Uetake and Sluder, 2004; Wong and Stearns, 2005) . Simply, tetraploidy is a marker of prolonged mitosis and in turn prolonged mitosis induces postmitotic arrest (Blagosklonny, 2006) . In fact, it was recently confirmed that duration of mitosis rather than microtubule damage determines postmitotic arrest (Uetake and Sluder, 2007) . Here, we extended this mechanism to the arrest of near-diploid cells caused by low concentrations of PTX. Time-lapse microscopy demonstrated that an approximately 2-to 3-h mitotic arrest is sufficient to induce postmitotic p53-dependent arrest.
Thus, we demonstrated that PTX (at any concentration) does not affect cells directly in the interphase of the cell cycle. At low PTX, a transient mitotic arrest results in G1 arrest in the next (second) or even the third cell cycle. This G1-like arrest is likely a consequence of accumulation of p53 during prolonged mitosis.
Materials and methods
Cell lines and reagents A549 lung cancer cells were obtained from American Type Culture Collection (Manassas, VA, USA). A549-E6, E6-transfected A549 cells, and A549-LXSN, A549 cells transfected with an empty vector, were provided by Dr Cornwell (Fred Hutchinson cancer Center, Seattle, WN, USA) and were described previously (Giannakakou et al., 2001) . HCT116 and cells lacking p53-/-were obtained from Bert Vogelstein (John Hopkins University). MCF-7 cells were obtained from ATCC. PTX and DOX were provided by Bristol-Myers (Princeton, NJ, USA) and Sigma-Aldrich (St. Louis, MO, USA). DOX was dissolved in dimethyl sulfoxide (DMSO) as a 2 mg/ml stock solution. FP was obtained from the Development Therapeutics Program (National Cancer Institute, Bethesda, MD, USA). Flavopiridol (FP) was prepared as 10-mM stock solution in DMSO. tumor necrosis factor-a was from Sigma.
Mitotic index and multinucleated cells
Cells were trypsinized, washed with phosphate buffered saline (PBS), pelleted onto glass slides in a cytocentrifuge, fixed with 90% ethanol/10% glacial acetic acid and stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) in a PBS solution containing 1 mg/ml DAPI (Molecular Probes Inc., Eugene, OR, USA), as described previously . Nuclei were visualized by ultraviolet illumination.
Flow cytometry
Cells were harvested by trypsinization, washed with PBS and resuspended in 75% ethanol at 4 1C for at least 30 min. Thereafter, cells were washed in PBS and incubated for 30 min in a PBS solution containing 0.05 mg/ml propidium iodide (Sigma), 1-mM EDTA, 0.1% triton-X-100 and 1 mg/ml RNAse A. The suspension was passed through a nylon mesh filter and analyzed on a flow cytometer (FACscan; Becton Dickinson Immunocytometry Systems, San Jose, CA, USA).
TUNEL
In situ DNA strand break labeling (TUNEL assay). Cells were rinsed with PBS, fixed in 1% methanol-free formaldehyde for 15 min and stored in 70% ethanol at À20 1C for at least 1 h. The cells were then rinsed twice with PBS for 5 min. DNA strand break labeling was done using the in situ Cell Death Detection Kit provided by Roche (Hoffmann-La Roche Inc., Nutley, NJ, USA). After washing with PBS, cells were stained with propidium iodide (5 mg/ml) and dissolved in PBS containing RNase A for 20 min. Cellular fluorescence was measured using a LSRII flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Western blot analysis
Cells were lysed and soluble proteins were harvested in TNES buffer (50-mM TrisHCl pH 7.5, 100-mM NaCl, 2-mM EDTA, 1-mM sodium orthovanadate, 1% (v/v) NP40) containing protease inhibitors (20 mg/ml aprotinin, 20 mg/ml leupeptin, 1-mM phenylmethylsulfonyl fluoride (PMSF)). Proteins were resolved with 12% SDS-polyacrylamide gel electrophoresis for detection of p21 and p53, as previously described (Giannakakou et al., 2001; Blagosklonny et al., 2004) .
Number of dead and live cells A total of 25 000 cells were plated in 24-well plates in 1 ml of medium. The next day, cells were treated with drugs. After 3-4 days, cells were harvested and counted in triplicates on a Coulter Z1 cell counter (Beckman Coulter Inc, Hialeah, FL, USA). In addition, cells were incubated with trypan blue and the number of blue (dead) cells and transparent (live) cells was counted by microscopy.
DNA synthesis in the presence of drugs For DNA replication analysis, 2 Â 10 6 cells were incubated with 50 mmol/l BrdU for all time of drug exposure (24 h). Cells were fixed in 70% ethanol and BrdU incorporation was determined by flow cytometric analysis using an anti-BrdU-FITC conjugate (Becton Dickinson) according to the manufacturer's protocol.
Live cell multimode time-lapse imaging Phase contrast time-lapse sequences were collected on a Leica ASMDW Imaging System equipped with Roeper HQ cooled camera and xenon monochromator using 40 Â /0.55 NA long working distance objective. Cells were contained CO 2 -independent medium in a temperature-controlled box stabilized at 37 1C. Images were collected every 3 min for 72 h using Leica ASMDW software as described previously (Shtutman et al., 2006) .
